zfNLRR is a novel transmembrane protein that is most prominently expressed during regeneration of the zebrafish central nervous system. Retinal ganglion cells and descending spinal cord neurons strongly increase zfNLRR mRNA levels after axotomy in the adult. In contrast, during development expression is hardly detectable and is restricted to a few sensory systems. In the adult brain, zfNLRR mRNA is found at low levels in several motor and premotor systems. Sequence analysis reveals that zfNLRR contains in its extracellular region 12 leucine-rich repeats, 1 immunoglobulin-like domain and 1 fibronectin type III-like domain. The same protein binding motifs were identified in transmembrane proteins from frog, mouse, and human. Together, they constitute a novel family of vertebrate neuronal leucine-rich repeat proteins. Three distinct isoforms are identified so far. On the basis of its structural features and expression pattern, we propose that zfNLRR functions as a neuronal-specific adhesion molecule or soluble ligand binding receptor, primarily during restoration of the nervous system after injury.
INTRODUCTION
Axon-extending neurons in the embryo and in the adult during restoration of the nervous system after injury express a similar set of genes (Skene, 1989; Fawcett, 1992; Aubert et al., 1995; Caroni, 1997) . One of the few exceptions is the growth-associated cytoskeletal protein MAP1x that is expressed in the embryo but not in the adult (Woodhams et al., 1989) . Furthermore, two membrane-associated proteins, reggie-1 and reggie-2, are expressed in regrowing retinal ganglion cells (RGCs) in the adult, while no expression is detected in embryonic retina (Schulte et al., 1997) .
In a search for genes that are specifically upregulated during regeneration of the adult nervous system, we performed differential display of RNA from lesioned and control zebrafish retina (Liang and Pardee, 1992) . In contrast to adult mammalian central nervous system (CNS)-neurons, fish CNS-neurons are capable of regrowing their axons after lesion and reestablish functional circuits (Sperry, 1948; Becker et al., 1997) . Here we report the isolation of a novel zebrafish transmembrane protein, zfNLRR (zebrafish neuronal leucine-rich repeat), that contains in its extracellular domain a combination of distinct motifs, including leucine-rich repeats (LRRs) with characteristic flanking regions (Kobe and Deisenhofer, 1994) . The LRR-motif provides an ideal conformation for binding to other proteins. Therefore, all LRRcontaining proteins are thought to be involved in protein-protein interactions (Kobe and Deisenhofer, 1994) . LRRs are found in proteins with diverse functions and cellular locations, including extracellular, adhesive molecules, such as small proteoglycans that bind various components of the extracellular matrix and growth factors (Kobe and Deisenhofer, 1994; Hocking et al., 1998) . The function of only a few of the LRR-proteins has so far been determined. In Drosophila, connectin and capricious are involved in neuromuscular junction formation (Nose et al., 1992; Shishido et al., 1998) , chaoptin in photoreceptor cell development (Krantz and Zipursky, 1990) , and slit in the pathfinding of commissural axons (Rothberg et al., 1990) . Other members of the family constitute signal transducing receptors, such as the neurotrophin receptors trk (Schneider and Schweiger, 1991) . In addition to the LRR-motif, the newly isolated zfNLRR contains an immunoglobulin-like and a fibronectin type III-like domain, modules characteristic for many cell adhesion molecules of the Ig superfamily (Fields and Itoh, 1996) .
We show that zfNLRR mRNA is low abundant in the embryonic nervous system, where it is restricted to a few sensory systems. In response to axonal lesion its mRNA level is drastically increased in regenerating RGCs and in descending spinal cord neurons that have not expressed zfNLRR during embryonic development. This demonstrates that zfNLRR is one of the few genes whose expression pattern reflects the different requirements for neuronal growth in the embryo and in the adult after lesion.
RESULTS zfNLRR cDNA Codes for a Transmembrane Protein with Distinct Motifs
By differential display of RNA populations from regenerating and control zebrafish retina, we isolated a 400-bp-long fragment from the 3Ј end of a cDNA that is strongly transcribed in RGCs in response to optic nerve lesion. The full-length cDNA was obtained by screening a cDNA library from adult control and regenerating zebrafish retina. It comprises 6578 bp, including an open reading frame of 2232 bp, a 5Ј untranslated region of 300 bp, and a 3Ј untranslated region of 4048 bp. Sequence analysis reveals the presence of a 350-bp-long DANA element within the 3Ј untranslated region, starting at position 5278. DANA elements constitute a family of composite, tRNA-derived, short interspersed DNA elements that are associated with mutational activities in zebrafish (Izsvak et al., 1996) . The deduced protein contains 744 aa and includes two hydrophobic stretches. The one in the most N-terminal region is likely to represent a signal peptide while the other, close to the C-terminal region, is highly reminiscent of a transmembrane domain (Fig. 1A) . Analysis of the 660-aa extracellular domain reveals the presence of 12 LRRs that are encompassed by flanking cystein clusters (Kobe and Deisenhofer, 1994) , a single Ig-like domain, and adjacent to the membrane, a fibronectin type III-like domain (Figs. 1A and 1B; Carnemolla et al., 1996) . According to the division of the immunoglobulin superfamily into three sets by Williams and Barclay (1988) , the Ig-like domain found in zfNLRR belongs to the C2 type. However, it also contains structural features found in variable domains. Therefore, the Ig-like domain of zfNLRR may belong to the distinct structural set called I set that includes several of the immunoglobulin superfamily domains forming the cell adhesion molecules and surface receptors (Harpaz and Chothia, 1994) . Homology searches based on the alignment method of Needleman and Wunsch (1970) showed overall similarities of zf NLRRR to two leucine-rich repeat transmembrane proteins from mouse, mNLRR-1 (Taguchi et al., 1996) and mNLRR-3 (Taniguchi et al., 1996) , and to cDNAs from xenopus (xNLRR-1; AB014462) and human (hNLRR-3; AC004142) and an EST from human (AI015776). Therefore, we named the isolated protein zfNLRR, for zebrafish neuronal leucine-rich repeat protein. zfNLRR shows a similarity of 64 and 63% on the amino acid level to mNLRR-1 and xNLRR-1, respectively (Fig. 1C) . Its extracellular domain contains 28 aa more than the extracellular domain of mNLRR-1 and xNLRR-1. Its similarity to mNLRR-3 and hNLRR is 52%. mNLRR-1 and xNLRR-1 show a 86% similarity to each other and hNLRR and mNLRR-3 are 90% similar to each other. This indicates that zfNLRR is not a true homologue of the so far identified NLRR proteins, but constitutes a novel member of the family. This hypothesis is strengthened by analysis of the 62-aa-long cytoplasmic tail. The intracellular portion of zfNLRR is more similar to mNLRR-1, xNLRR-1, and the human EST than to hNLRR and mNLRR-3. However, there is less conservation among zfNLRR, mNLRR-1, and xNLRR-1 than between mNLRR-1 and xNLRR-1 (Fig. 1C) . Interestingly, a box of 11 aa is contained within the intracellular region that is identical in all members of the family (Fig.  1B) . Two putative mammalian endocytosis motifs are included within this conserved box, a tyrosine-based signal conforming to the YxxØ motif (Chen et al., 1990; Collawn et al., 1990 ) and a dileucine-type motif (Letourneur and Klausner, 1992; Pieters et al., 1993) .
Pulse-labeling experiments reveal that zfNLRR is posttranslationally modified. COS cells were transiently transfected with a zfNLRR/myc fusion cDNA, pulselabeled with [ 35 S]methionine, and immunoprecipitated with a c-myc-specific mAb (9E10; Evan et al., 1985; Fig. 1D) . One dominant band is visible at a molecular weight of approximately 120 kDa at the beginning of the chase. After 1 h, a higher band at approximately 140 kDa appears. This strongly indicates that zfNLRR is a glycosylated protein and that glycosylation increases its molecular weight by approximately 20 kDa.
zfNLRR Is Expressed in the Embryonic and Adult Nervous System zfNLRR gene expression in zebrafish was investigated by Northern blot and in situ hybridization analysis. Northern blot analysis reveals a single zfNLRR transcript with a length of approximately 6700 nt in all tissues examined (Fig. 2) . Long exposure times result in the appearance of additional bands, due to unspecific binding of the probe to ribosomal RNA contaminations in the poly(A) ϩ RNA preparations ( Fig. 2 ; embryo, Regenerating CNS Neurons Express zfNLRR brain). By far the strongest signal is obtained in regenerating retina whose optic nerve has been crushed 5 days previously ( Fig. 2 ; retina ϩ). An extended exposure of the blot is needed to detect a band in control retina (retina Ϫ), in 48-h embryos, and in the adult brain. In addition, the amount of mRNA loaded was much higher for adult brain and embryos than for retina (for details see ''Experimental Methods''). This shows that zfNLRR mRNA is very low abundant in zebrafish embryos at times when extensive neurite outgrowth takes place. We analyzed by in situ hybridization the site of zfNLRR expression in the embryo. The most prominent signal, starting at approximately 24 h of development, is found in bilateral structures in the developing forebrain, the presumptive olfactory bulbs (Figs. 3A and 3B) . Expression of zfNLRR mRNA corresponds with the time when axons from the olfactory placode arise and grow toward the olfactory bulb that has not yet evaginated at this stage (Wilson et al., 1990) . Visualizing axon-extending neurons with an antibody to acetylated tubulin (Black and Keyser, 1987) shows that axons originating in the olfactory epithelium connect to the brain in regions corresponding to the zfNLRR mRNA signal (Fig. 3C) . This reinforces the assumption that zfNLRR is expressed in the differentiating olfactory bulb. A weak hybridization signal is seen in RGCs of the developing retina ( Fig. 3D ) and in neuromasts of the lateral line system (Fig. 3E ). To detect zfNLRR mRNA in these places, the color reaction had to be proceeded for a much longer time than in the olfactory bulbs, suggesting that the expression level is much lower than in the olfactory bulbs. Taken together, zfNLRR mRNA expression in the embryo is restricted to a few developing sensory systems.
Northern blot analysis revealed that zfNLRR is expressed in the adult zebrafish brain (Fig. 2) . To determine the site of expression, we performed in situ hybridization studies. Brain areas were identified and named according to the zebrafish brain atlas (Wullimann et al., 1996) . In the adult, the olfactory bulbs are still zfNLRR mRNA positive (Fig. 4A ). Positive cells are located around glomeruli and may represent a subset of mitral cells (Fig. 4B ). Several brain regions receiving secondary olfactory projections, such as the ventral telencephalic area (Fig. 4D ) and the nucleus taeniae (NT; Fig. 4AЈ ) are zfNLRR mRNA positive. The tegmentum that includes many motor structures expresses zfNLRR in restricted areas, presumably in the oculomotor nucleus (NIII) and in the most rostral portion of the superior reticular formation (SRF; Fig. 4C ). Figure 4C also shows accumulation of zfNLRR mRNA in cells that may belong to the nucleus of the medial longitudinal fascicle (NMLF), where the major descending spinal projections originate. Several structures in the cerebellum, including the granular eminence are zfNLRR mRNA positive (Fig. 4E ). The cerebellar crest that is considered part of the medulla oblongata and receives input from the granular eminence shows a strong zfNLRR mRNA signal in whole mount brains (Fig. 4E) . Large, defined cells, located in the layer of the Purkinje cells in the cerebellum express zfNLRR (Figs. 4F and 4FЈ). In teleosts, this layer contains, in addition to Purkinje cells, eurydendroid cells that form the main efferent connections from the cerebellum, including outputs to the nucleus of the medial longitudinal fascicle, the oculomotor nucleus, and the reticular formation (Wullimann et al., 1996) . It remains to be elucidated which cell-type in the Purkinje cell layer expresses zfNLRR. In the spinal cord, distinct motoneurons of the W and RI type (Westerfield et al., 1986) show zfNLRR expression (Fig.  4G ). In summary, in the adult brain, zfNLRR is expressed in sensory systems and in motor, premotor, and integrative centers. The staining pattern indicates that expression is neuronal. However, we cannot exclude that neuron-associated glial cells also express zfNLRR.
FIG. 2.
Northern blot analysis of zfNLRR expression during regeneration in the adult and embryonic development. Poly(A) ϩ RNAs from regenerating (retina ϩ) and control (retina Ϫ) retina, 48-h embryos, and adult brain were analyzed using a probe to the coding region of zfNLRR. A single transcript was detected in all tissues examined (arrow). The lane holding the RNA from regenerating retina was shorter exposed than the rest of the blot. The amount of mRNA loaded was 4.5 times higher for adult brain and 12 times higher for embryos than for retina. Stars indicate unspecific binding of the probe to ribosomal RNA contamination in the poly(A) ϩ RNA preparations. The size marker is in nucleotides.
zfNLRR Is Expressed in Regenerating CNS Neurons
We originally isolated zfNLRR from regenerating zebrafish retina. To determine the site and temporal regulation of its expression during regeneration, in situ hybridization studies were performed on retinas whose optic nerves had been crushed at different times prior to analysis. No zfNLRR mRNA is detected in control retina (Fig. 5A) . Figures 5B-5F show that regenerating RGCs are the only cells in the retina responding to the crush by increasing the zfNLRR mRNA level. A subset of RGCs start to raise RNA levels at 24 h postaxotomy (Fig. 5B) . Virtually all RGCs express zfNLRR at 3 days after crush (Fig. 5C) . The relative mRNA level reaches a maximum between days 3 and 5 and decreases thereafter (Figs. 5D-5F). At 9 days after lesion, only a small number of RGCs are still zfNLRR mRNA positive (Fig. 5F ). No signal is obtained with a sense probe (not shown).
To examine whether the upregulation of zfNLRR mRNA after lesion is restricted to the primary visual system or whether other CNS neurons also respond to nerve injury by increasing zfNLRR mRNA levels, we analyzed different brain regions following spinal cord transection (Fig. 6 ). Several nuclei, including the somatosensory medial funicular nucleus (MFN) and the reticular formation, that are affected by spinal cord lesion (Becker et al., 1997) show low levels of zfNLRR mRNA in control fish (Fig. 6B) . Also, the vagal motor nucleus (Nxm) that does not project to the spinal cord shows a weak hybridization signal (Figs. 6A and 6B). Lesion of the spinal cord leads to a drastic increase of zfNLRR mRNA. Most brain nuclei with descending fibers, including the medial longitudinal fascicle (MLF) and the inferior reticular formation (IRF) in the medulla oblongata (Fig. 6A) , the medial octavolateralis nucleus (MON), and the intermediate reticular formation (IMRF) in the metencephalon (Fig. 6C) , drastically increase zfNLRR mRNA levels after spinal cord lesion. Lesioned neurons were visualized by applying fluorescently labeled, retrogradely transported dextran beads to the cut site. Figure  6D shows that regions of strong zfNLRR mRNA staining contain nuclei with major spinal projections. In contrast to RGCs, several of these brain nuclei express zfNLRR at detectable levels without lesion.
DISCUSSION zfNLRR Contains Several Protein-Binding Motifs
We have cloned a novel cDNA of a gene, zfNLRR, whose mRNA is most abundant in regenerating RGCs and in brain nuclei with descending projections after spinal cord transection. Sequence analyses revealed that zfNLRR cDNA codes for a transmembrane protein type Ia that contains a distinct combination of adhesion motifs in its extracellular domain. The largest motif is a LRR. All members of the LRR family analyzed so far, are involved in protein-protein interactions. The residues that determine the structure of the LRR-motif are conserved within this family, while the intervening residues vary considerably and determine the specificity and affinity of the interaction with ligands (Kobe and Deisenhofer, 1995) . The trk family of neurotrophin receptors, for example, contains an LRR domain with three repeats. The intermediate residues of the second repeat are responsible for the specificity of neurotrophin binding in trkA and trkB (Windisch et al., 1995) . The LRRs of zfNLRR are surrounded by an amino-and a carboxyflanking region that are characterized by similarly spaced cysteins (Rothberg et al., 1990; Fisher et al., 1991) . Little is known about the role of these flanking cystein clusters and only a small number of LRR containing proteins carry both of them. It has been proposed that these proteins commonly function in neural differentiation and/or developmental processes as adhesive proteins and/or receptors (Kobe and Deisenhofer, 1994; Suzuki et al., 1996) . Mutations in the carboxy-flanking region of the Drosophila toll-protein has been shown to influence signal transduction (Hashimoto et al., 1991) .
Several LRR proteins are expressed in the nervous system. Their binding partners and function is only known for a few of them and has been studied best in Drosophila. Connectin, toll, and capricious are involved in neuromuscular junction formation (Nose et al., 1992; Halfon et al., 1995; Rose et al., 1997; Shishido et al., 1998) , slit in the pathfinding of commissural axons (Rothberg et al., 1990) , and chaoptin in photoreceptor cell development (Krantz and Zipursky, 1990) . The only homology of zfNLRR to these proteins resides in the LRR domain.
In addition to the LRR domain, zfNLRR contains an Ig-like domain and a FN type III like repeat in its extracellular region. Only a few LRR-proteins are known that contain additional Ig-like domains. Included in this group are LIG-1 that is expressed in a small subset of glial cells (Suzuki et al., 1996) , ISLR, an abundantly expressed gene cloned in human (Nagasawa et al., 1997) , peroxidasin, a Drosophila extracellular protein with peroxidase activity (Nelson et al., 1994) , and the trkreceptor family (reviewed in Meakin and Shooter, 1992) . The FN type III-like repeat is adjacent to the transmembrane region of zfNLRR and shows similarity to the FN type III motif of Tenascin-R (Carnemolla et al., 1996) . Ig-like domains in combination with FN type III repeats are found in several neuronal cell-adhesion molecules of the immunoglobulin superfamily. Often, these proteins are involved in homophilic binding (Brummendorf and Rathjen, 1996) . Homophilic binding of NCAM and L1 may play a role in appropriate glia:axon interactions during development and regeneration of the nervous system (Martini, 1994; Bernhardt et al., 1996) . Preliminary experimental data obtained for zfNLRR suggest heterophilic, rather than homophilic binding. Often, individual zfNLRR-positive cells are surrounded by cells that do not express the gene (compare Figs. 4-6) . Furthermore, transient expression of zfNLRR in cultured cells did not result in a preference of transfected cells to clump or in a more intense labeling of the fusionprotein at contact sites (not shown). However, we cannot exclude that zfNLRR is involved in neurite fasciculation by homophilic binding. Members of the neural immunoglobulin superfamily have been shown to undergo complex interactions (Brummendorf and Rathjen, 1996) and it may be that zfNLRR exerts different functions in the embryo, in the adult, and during regeneration that are based on distinct binding partners.
zfNLRR Is a Member of the NLRR Family
zfNLRR shows homology to LRR-proteins from different vertebrate species (Fig. 1) . We analyzed their sequence in more detail and found in all of them, as in zfNLRR, an additional Ig-like domain and a putative FN type III repeat adjacent to the membrane. This strongly supports the hypothesis that they constitute a family of neuronal adhesion or receptor proteins. mNLRR-1, xNLRR-1, and a human EST seem to be homologues, based on a similarity of 86% on the amino acid level. Likewise, mNLRR-3 and hNLRR are 90% similar, whereas their similarity to mNLRR-1 and xNLRR-1 is only 60-64% (Fig. 1C) . zfNLRR shows an only 52-64% similarity to the so far identified NLRR proteins indicating that it constitutes a novel member of the family. It remains to be elucidated whether the different members of the NLRR family bind to distinct ligands.
Within the intracellular region, we found a stretch of 11 aa that is present in all NLRR proteins. Contained in this box are two mammalian clathrin mediated endocytosis motifs, a tyrosine-based signal conforming to the YxxØ motif (Chen et al., 1990; Collawn et al., 1990) , and a dileucine-type motif (Letourneur and Klausner, 1992; Pieters et al., 1993; Bremnes et al., 1994) . Preliminary results indicate that ectopically expressed zfNLRR is endocytosed in COS cells (not shown). Endocytosis and recycling mechanisms are relevant for cell adhesion molecules, such as integrins during cell migration (Lawson and Maxfield, 1995; Lauffenburger and Horwitz, 1996) . The L1 subfamily of cell adhesion molecules has recently been reported to be endocytosed preferentially at the rear of axonal growth cones (Kamiguchi et al., 1998) . This may be a means to regulate the adhesive strength during neuronal growth in response to the extracellular environment.
mNLRR-1 and mNLRR-3 are the only other members of the family that have been studied in more detail (Taguchi et al., 1996; Taniguchi et al., 1996; Ishii et al., 1996) . They are distinctly regulated and the expression patterns of both genes differ from the one for zfNLRR. zfNLRR mRNA is found at low levels in developing embryos, where expression is restricted to a few sensory systems (Fig. 3) . In contrast, mNLRR-1 and mNLRR-3 are widely expressed in embryonic mice (Taguchi et al., 1996; Taniguchi et al., 1996) . Some overlapping areas of expression can be found. In the adult brain, zfNLRR and mNLRR-1 are expressed in the cerebellum and zfNLRR and mNLRR-3 mRNA are both found in the embryonic and adult olfactory system. Northern blot analysis of mNLRR-1 in adult brain revealed two strong bands, indicating alternative splicing events (Taguchi et al., 1996) . A single transcript was found for zfNLRR in all tissues examined (Fig. 2) . Once the binding partners of the NLRR proteins have been determined it will become possible to better understand the functional consequences of the individual expression patterns.
zfNLRR mRNA Levels Are Increased in Regenerating Neurons
In the adult zebrafish, lesioning the optic nerve causes RGCs to regenerate. Several genes are transiently upregulated during this period (Perry et al., 1987; Stuermer et al., 1992; Bernhardt et al., 1996; Bormann et al., 1998) . zfNLRR mRNA levels start to increase coordinately with these well known growth-associated genes in lesioned RGCs (Fig. 5) . However, virtually all RGCs have decreased their zfNLRR mRNA level back to control levels at 10 days after lesion, at a time when other growth-associated genes are still elevated (Bormann et al., 1998) . With reference to the time course of regeneration in goldfish, where regenerating RGC axons reach the tectum 10-13 days after lesion (Murray, 1976; Stuermer and Easter, 1984) , it seems that lesioned RGCs cease to express zfNLRR at, or shortly prior to, synaptogenesis, suggesting a role for zfNLRR during this event.
To what extent the difference in the temporal regulation of the different neuronal growth-associated genes after lesion relies on distinct functions remains to be elucidated.
The association of zfNLRR expression and regeneration in the adult is further substantiated by the fact that several brain nuclei with descending projections strongly increase zfNLRR mRNA levels after spinal cord transection. Interestingly, the same neurons did not express zfNLRR at detectable levels in the embryo. Similarly, reggie-1 and reggie-2, two membrane-associated proteins, have been reported to be present in regenerating, but not embryonic RGCs (Schulte et al., 1997) . This indicates that regenerating neurons in the adult express at least two set of genes. One set includes the wellstudied neuronal growth-associated proteins that are found in virtually all neurons during neurite outgrowth and axon elongation, in the embryo and in the adult (Skene, 1989) . A second set contains genes that are either required in only a subset of axon-extending neurons or that allow growing neurons to reach their targets specifically in the adult environment after lesion. The finding of genes that are selectively expressed in regenerating neurons indicates that regeneration in the adult is not a mere recapitulation of embryonic neuronal development (Aubert et al., 1995) . Interestingly, several genes that were found to be coordinately regulated during retinal regeneration in zebrafish, showed distinct expression patterns in the embryo (L. Roth, P. Bormann, and E. Reinhard, unpublished observations). Therefore, it is tempting to assume that nerve lesion leads to activation of common regulatory elements in their promoter/ enhancer region. It remains to be elucidated whether different regulatory elements induce gene transcription in the embryo and during regeneration in the adult and whether these are conserved. This is of particular interest in respect to the fact that in contrast to fish, mammals are not able to functionally regenerate after CNS-lesions and concomitantly do not reexpress neuronal growth-associated genes.
EXPERIMENTAL METHODS

Differential Display
Differential display was performed as previously described (Liang and Pardee, 1992) . RNA was isolated from regenerating and control retinas 3 days after lesion using the RNeasy Total RNA kit (Qiagen AG, Basel, Switzerland) . Different primer combinations were used to perform the PCR reaction. The primers 5Ј-T 14 GC-3Ј and 5Ј-AGCCCTCAGA-3Ј resulted in an amplification product from the 3Ј end of the zfNLRR cDNA. The excised band was reamplified by PCR and subcloned. To clone a full-length zfNLRR cDNA, a Lambda ZAPII cDNA library was generated from regenerating and control adult zebrafish retinas (Stratagene, La Jolla, CA). Two overlapping partial clones were linked by PCR and the full-length cDNA subcloned.
The sequencing reactions were performed using an ABI Prism dye terminator sequencing kit (No. 402080), a GeneAmp 9600 thermal cycler and an ABI 373A Automated sequencer (all Perkin-Elmer Corp., CA). All clones were sequenced on both strands. Sequence analysis was done with the Wisconsin Sequence Analysis Package VMS version 8.0 (Genetics Computer Group, Madison, WI), including the Gap program for alignments and the BLAST network service of the NCBI (National Center for Biotechnology Information, U.S.A.).
Transfection of COS Cells, Metabolic Labeling, and Immunoprecipitation
zfNLRR cDNA, without the sequence coding for the signal peptide (starting at amino acid 25), was cloned into the expression vector 5myc-pcDNA1 (generously provided by Dr. Graham Jones, Dept. Physiology, University of Basel, Basel, Switzerland), which contains a signal sequence and five myc epitopes 5Ј to the unique restriction site ClaI. The resulting fusion protein contains five extracellular myc epitopes.
To determine posttranslational modifications of zfNLRR, COS-7 cells (Gluzman, 1981) cultured in DMEM (Gibco BRL, Gaithersburg, MD), supplemented with 10% fetal calf serum (FCS), 10 mM sodium pyruvate, 10 IU/l penicillin, and 100 mg/l streptomycin, were transiently transfected with a zfNLRR/myc fusion construct, using the DEAE-dextran based method (Cullen, 1987) at subconfluency. Forty-eight hours after transfection, the cells were incubated in labeling media (methionine-free, glutamine-free MEM, supplemented with 10% dialyzed FCS; Gibco BRL, Gaithersburg, MD) for 15 min at 37°C. Then 50 µCi [ 35 S]methionine (New England Nuclear, Boston, MA) per 35-mm tissue culture dish was added and the metabolic labeling carried out for 3 h at 37°C. For pulse-chase experiments, the cells were pulsed for 15 min at 37°C with 50 µCi [ 35 S]methionine, washed once with phosphate-buffered saline (PBS), and chased in COS culture medium for different time-periods at 37°C. All subsequent steps were carried out on ice. The cells were washed twice with PBS, scraped off with a rubber policeman in 1 ml solubilization buffer (100 mM sodium phosphate, pH 8.0; 1% Triton X-100; 0.1% NaN 3 ; and 40 µg/ml PMSF), and passed five times through a 25-gauge needle. After incubation for 1 h the lysate was centrifuged at 105,000g for 1 h, at 4°C. Protein A-Sepharose CL-4B beads (Pharmacia, Uppsala, Sweden; approximately 12 mg/35-mm dish) were washed with 100 mM sodium phosphate, pH 8.0, 0.1% NaN 3 , then 2.5 µl of a monoclonal mouse anti-myc antibody (9E10; 10ϫ concentrated; Evan et al., 1985) was added to the beads and incubated for 2 h at room temperature (RT). The beads were rinsed twice with solubilization buffer and incubated with the resulting cell supernatant for 1.5 h on an end-over-end shaker at 4°C. The beads were washed 4 times with solubilization buffer, rinsed once with 100 mM sodium phosphate, pH 8.0, and once with 10 mM sodium phosphate, pH 8.0. Protein was eluted from the protein A beads by boiling in electrophoresis sample buffer and separated on a 7.5% SDS-polyacrylamide gel (Laemmli, 1970) .
Zebrafish Maintenance and Surgery
Zebrafish were obtained from the Oregon AB line and maintained as described previously (Westerfield, 1995) . Adult zebrafish were anesthetized by immersion in 150 mg/liter MS222 (Sigma, Buchs, Switzerland). The optic nerve was exposed by cutting the skin over the left eye and the eye was slightly pushed to the side. The nerve was crushed near the posterior wall of the orbit with watchmaker's forceps. The completeness of the axotomy was assured by the translucent appearance of the nerve at the crush site. Fish that bled were not used. The contralateral optic nerve of each fish was left intact with its retina serving as a control. For spinal cord transections, a longitudinal incision was made dorsally to expose the vertebral column that was then cut approximately 3-4 mm caudal to the brainstem/spinal cord transition zone. The wounds were sealed with Tissucol Duo S (Immuno AG, Vienna, Austria) and the fish were kept at 28°C. To visualize the cell bodies of lesioned neurons CellTracker Orange CMTMR (Molecular Probes, Eugene, OR) was applied to the lesion site of some operated fish. Brains were removed for analysis 5 days after lesion. Embryos were obtained as previously described (Westerfield, 1995) .
In Situ Hybridization
Digoxigenin-labeled riboprobes for in situ hybridization were generated within the coding region of zfNLRR. Probes were prepared according to the instructions from the DIG labeling kit (Boehringer-Mannheim, Mannheim, Germany). Template DNA was removed by treatment with DNase (Promega, Catalys AG, Wallisellen, Switzerland). Unincorporated nucleotides were removed by using purification columns from the RNeasy Total RNA kit (Qiagen AG, Basel, Switzerland). The transcripts were eluted in 30 µl H 2 O; hybridization solution was added to 100 µl (Westerfield, 1995) and stored at Ϫ20°C until use.
In situ hybridization studies were performed on whole mount zebrafish embryos, retinas and brains, and brain sections following the protocol of Westerfield (1995) . Briefly, eyes were removed and the retinas isolated in PBS under a dissecting microscope. Embryos were dechorionated. All tissues were fixed in 4% PFA overnight at 4°C. After several washes in PBS containing 0.1% Tween 20 (PBST), the specimens were transferred to methanol and left at Ϫ20°C for at least 30 min. Samples were rehydrated in a graded series of methanol/ PBST, washed in PBST, and refixed in 4% PFA. Proteinase K-treatment (10 µg/ml; Boehringer-Mannheim, Mannheim, Germany) was performed for 10 min or longer (up to 50 min for older embryos) at RT. Specimens were fixed again in 4% PFA, followed by prehybridization for 2-4 h at 55°C in hybridization solution and hybridized overnight at 55°C using a 1:100 dilution of the digoxigenin-labeled probe (see above). Washes were at a maximal stringency of 0.2ϫ SSC; 0.1% Tween 20 at 55°C. The hybridized probes were visualized using anti-digoxigenin-AP Fab fragments (diluted 1:2000 in PBST; Boehringer-Mannheim), following the protocol of Westerfield (1995) . Times for color development, chosen according to the probes used and the developmental stage of the embryos, ranged from 4 to 8 h. The specimens were fixed in 4% PFA and either cleared in a graded series of glycerol/PBS for whole mount microscopy or cryoprotected in 20% Sucrose/PBS and embedded in OCT Tissue-tek (Miles Inc., Elkhart, IN) for cryosectioning. Then 12-µm sections were cut, mounted on slides, and examined by microscopy. To visualize nuclei, Hoechst dye (bisbenzimide H33258, BoehringerMannheim; 1 mg/ml in PBS) was included in the mounting media. Cleared embryos were freed from the yolk and mounted in glycerol.
This protocol was slightly changed for in situ hybridization on brain section. Fresh brain were frozen, cryosectioned (12-14 µm), and mounted on precoated cover slides (SuperFrost/Plus; Menzel-Gläser; Germany). Sections were fixed at RT in 4% PFA for 20 min, washed in PBST, and prehybridized. Subsequent steps followed the protocol described above.
Whole Mount Immunohistochemical Staining of Embryos
Embryos were pretreated for immunohistochemistry as described in Westerfield (1995) . The primary antibody (mouse anti-acetylated tubulin, Sigma, Buchs, Switzerland) was diluted 1:1000 in BDP ϩ N (1% BSA; 1% DMSO in PBSTx ϩ 10% normal sheep serum) and incubated for 3 h at RT. After several washes, the embryos were incubated with the secondary antibody (sheep anti-mouse IgAP; Boehringer-Mannheim) overnight at 4°C and the alkaline phosphatase was visualized as described in Westerfield (1995) .
Northern Blot Hybridization
Northern blot hybridization was performed following the protocols of Sambrook et al. (1989) and the ''DIG System User Guide for Filter Hybridization'' (BoehringerMannheim). mRNA was isolated from retinas, embryos at different developmental stages, and adult zebrafish brain, according to the instructions given in the RNeasy Total RNA kit together with the Oligotex mRNA kit (all Qiagen AG, Basel, Switzerland). The transcripts were separated in a formaldehyde gel. mRNA derived from 10 µg of total RNA from retina, 125 µg from embryo, and 45 µg from brain was loaded. The mRNA was transferred to a nylon membrane (Schleicher Schuell, NY; 13 N, Keene, NH), using a pressure blotter (Posiblot) and UV crosslinked (Stratalinker 2400; both Stratagene, La Jolla, CA). Hybridization with DIG-labeled probes (see above) was performed at 68°C overnight in a Hybritube (Gibco BRL, Life Technologies AG, Basel, Switzerland) followed by several washes at a maximal stringency of 0.1ϫ SSC; 0.5% SDS at the same temperature. The probes were detected using anti-digoxigenin-AP Fab fragments, diluted 1:10Ј000 in Boehringer buffer and the chemoluminescence reagent CDP-Star (TROPIX, Bedford, MA). Exposure was 2 min for regenerating retina and 20 min for adult brain, control retina, and embryo.
